Ciliate abundance and species composition were studied in the sandy beaches of six lakes of different trophic status (Poland). Samples of wet sand were taken in June 2007 from the euarenal (emergent sand), hygroarenal (sand wetted by lake waves) and hydroarenal (submerged sand) zones. The numbers of ciliates ranged from 105 to 2933 ind. cm -3 of sand and did not show any visible trend with lake productivity. In all the studied lakes, ciliates were much more numerous in the euarenal than in the hydroarenal. Small bacterivorous scuticociliates dominated in the euarenal, while Hymenostomatida, Cyrtophorida, Hypotrichida as well as Scuticociliatida comprised a significant part of the ciliate community in the hygro-and hydroarenal zones. There were positive correlations between ciliates and the concentrations of chlorophyll a and total nitrogen. 
INTRODUCTION
Sandy beaches are specific and extremely dynamic environments with rapid and large changes in temperature, strong wave action damaging the structure of sand grains, uncomfortable space conditions and low oxygen concentrations. Despite these specific and unfavorable conditions for life, the organisms found here are rich in species and reach relatively high densities (Wiszniewski 1933) . The most characteristic inhabitants of lake beaches are bacteria, algae, protozoa, rotifers, copepods, gastrotrichs, nematodes, oligochaetes, etc. (Pennak 1951) . These organisms may occur in different parts of the beach creating hydropsammon (organisms living in permanently submerged sand), hygropsammon (organisms inhabiting sand wetted by lake waves) and eupsammon (organisms living in emergent sand) (Wiszniewski 1934) . Psammon organisms are influenced by different environmental factors (grain size of the sand, wind, rains, wave action, temperature, pH, oxygen), food sources (the content of organic detritus, algae, and bacteria), and occurrence of predators and human impacts (Wiszniewski 1934 , Neel 1948 , Pennak 1951 , Fenchel 1969 , Wickham et al. 2000 , Hamels et al. 2004 .
The interstitial ciliates of sand have been investigated mainly in marine environments (e.g., Faure-Fremiet 1951; Fenchel 1968; Agamaliev 1971; Kovaleva, Golemansky 1979; Czapik, Fyda 1992; Mazei, Burkovsky 2006) . These studies revealed that ciliates in marine sand show characteristic morphological adaptation to interstitial life and vertical zonation. Their composition and distribution depend strongly on the size of the interstitial spaces and the availability of food. The medium grain size fraction 0.12 -0.25 mm has the highest species richness (reviewed by Fenchel 1987) . In contrast, the structure and function of ciliated protozoa inhabiting sandy beaches of lakes have been studied less frequently (Pennak 1951 , Wiąckowski 1981 , Madoni 1990 , Kalinowska 2008 , Kalinowska et al. 2010 . Pennak (1951) compared marine and freshwater sandy beaches and found that ecological conditions are more severe in lake beaches than in marine ones and that variations in population density from time to time and from place to place are especially evident in freshwater beaches. According to the author, protozoa are common and sometimes very abundant in lake beaches while fewer are present and seldom are they abundant in intertidal marine beaches. Wiąckowski (1981) and Kalinowska (2008) showed that psammon ciliates are characterised by high taxonomic diversity and abundance and are heterogeneously distributed in a small scale. Results of recent studies (Kalinowska et al. 2010) suggest that lake shore sand deposits constitute a bank of resting forms of different groups of organisms and may play an important role in their dispersal.
The published papers contain little material about the influence of lake trophy on psammon organisms. Ejsmont-Karabin (2003b) indicated that the species composition and structure of psammon rotifers were relatively similar in lakes of all trophic groups and were determined by many different factors, with lake trophy not likely to be the main factor. There are no data on the effects of lake productivity on psammon ciliates.
The aim of this study was to determine the abundance and structure of ciliate communities inhabiting sandy beaches in six dimictic lakes of different trophy (ranging from mesotrophy to hypereutrophy), as well as to compare the abundances and structure of ciliates in three beach zones: hydro-, hygro-and euarenal. It was assumed that the trophic status of a lake has a significant impact on ciliate abundance and structure.
MATERIALS AND METHODS
The studies were carried out on sandy beaches (10 -20 m long and 1.5 -3.0 m wide) of the six lakes, which differed in trophic status (Great Masurian Lakes system, northeastern Poland). Morphometric and trophic characteristics of the studied lakes are presented in Table 1 . Samples of wet sand were collected in June 2007 from the three arenal zones: 1) euarenal -emergent sand, 0.5 m from the shore line, 2) hygroarenal -sand wetted by lake waves, shore line, and 3) hydroarenalsubmerged sand, 0.5 m water depth. Sand samples, in five replicates, were cut out by means of a 5 cm diameter sharp-edged cylinder, transferred to glass containers and rinsed 4 times with tap water. Subsequently, samples were condensed by filtering through a 10 μm mesh size plankton net, fixed with Lugol's solution, and examined by light microscopy (Nikon Optiphot 2). Ciliate abundances were calculated per 1 cm 3 of sand. Taxonomic composition of ciliates was determined from living material (water samples sucked with a plastic pipette inserted into the sand at a depth of 2 cm), using a phase contrast and stains for the nuclei and food vacuoles. Species identification was based on Foissner et al. (1991 Foissner et al. ( -1995 .
Interstitial water for chemical analyses was collected with a pipette with a large rubber bulb. The water samples (about 1 l) were then transferred to separate glass flasks for each zone. Total phosphorus (TP) was analysed in unfiltered water after wet digestion with 60% perchloric acid (1 ml/50 ml of Table 1 Morphometric and trophic characteristics of the studied lakes. Trophic parameters for the upper trophogenic water layer in summer, according to Chróst, Siuda (2006 water sample) by spectrophotometric determination according to Standard Methods (1960) . Total Kjeldahl nitrogen (analysed in unfiltered water samples by the standard Kjeldahl procedure) and nitrate-nitrogen (analysed by phenoldisulphonic method in water filtered through the Whatman GF/C) represented total nitrogen (TN). Chlorophyll a concentration was determined by the spectrophotometric analysis of acetone extracts of algae retained on Whatman GF/C filters according to Golterman (1969) . Temperature and pH were measured in the field using a conventional mercury thermometer and pH-meter, respectively, inserted into the sand. Size structure of sand grains was determined in 6 fractions: >2mm, 1-2 mm, 0.5-1 mm, 0.25-0.5 mm, 0.125-0.25 mm, and <0.125 mm (Ejsmont-Karabin 2004) . Statistical analyses were performed using STATISTICA software. The differences in ciliate numbers between the studied lakes were analysed using the nonparametric Wilcoxon rank sum test. Pearson's correlation coefficients were calculated to determine relationships among data. The probability level at which statistical analyses were accepted as significant was ≤0.05. The coefficient of variation (CV -% standard deviation of the mean) was used to compare variability of ciliate numbers in lakes and zones.
RESULTS

Physico-chemical characteristics of interstitial waters
Temperatures of the interstitial waters ranged from 13 to 27°C with the highest values in the mesotrophic Lake Kuc (Fig. 1A ). The differences in temperature between zones in the same lake were 1-3°C. The pH values ranged from 7.3 to 8.3. In all of the studied lakes, hydroarenal waters were more alkaline than euarenal ones (Fig. 1B) . In all beaches, the highest concentrations of chlorophyll a were observed in the euarenal zone, in which they ranged from 18.9 ±12.7 μg l -1 (mesotrophic Lake Majcz) to 96.6 ±27.1 μg l -1 (hypereutrophic Lake Tałtowisko). The lowest concentrations of chlorophyll a were primarily found in the hydroarenal (8.2 ±3.3 -50.2 ±5.0 μg l -1 ), with the exception of lakes Kuc and Bełdany, in which the lowest values were recorded in the hygroarenal (7.1 ±3.4 and 6.5 ±3.3 μg l -1 , respectively) ( Fig. 2A) . The concentrations of total phosphorus (TP) varied in a very wide range (from 97 to 1023 μg l -1 ) and were highest in the hypereutrophic Lake Tałtowisko in all the studied zones (Fig. 2B) . Total nitrogen (TN) concentrations were more or less similar in all beaches, except in hypereutrophic Lake Tałtowisko, in which values several times higher (about 3 -5 mg l -1 ) were noted (Fig. 2C) . Generally speaking, none of the above parameters of interstitial waters increased with lake trophy.
In two mesotrophic lakes, lakes Kuc and Majcz, sand fraction of 0.5 -1 mm distinctly dominated in all three zones (Fig. 3) . The smaller fraction of 0.125-0.25 mm dominated in all zones of the hypereutrophic Lake Tałtowisko. In the other lakes, size fractions of sand differed markedly between the zones. The greatest differences were observed in the Lake Tałty, where the hydroarenal was dominated by the largest fraction of sand (>2 mm). In the hygroand euarenal smaller grains of 0.25-0.5 mm and 0.125-0.25 mm, respectively, prevailed.
Ciliate abundance and taxonomic composition
The abundance of psammon ciliates exhibited high variability, especially in the euarenal (CV = 23 -93%). They did not show any trend with the trophic gradient (Fig. 4) . In all investigated lakes except Lake Bełdany, the fewest ciliates were noted in the hydroarenal, in which they ranged from 105 ±32 ind. cm -3 (eutrophic Lake Mikołajskie) to 426 ±145 ind. cm -3 (meso-eutrophic Lake Tałty). In this zone, ciliate numbers were the least variable (CV = 13 -34%). Considerably higher numbers of ciliates were noted in the other two zones. In the hygroarenal, they varied from 114 ±55 ind. cm -3 in the eutrophic Lake Bełdany to 1685 ±1140 ind. cm -3 in the mesotrophic Lake Kuc. In the euarenal, especially high numbers of psammon ciliates were recorded in both the mesotrophic Lake Kuc (2015 ±457 ind. cm -3 ) and the hypereutrophic Lake Tałtowisko (2933 ±1650 ind. cm -3 ). In general, ciliate numbers were higher in the euarenal than in the hygroarenal, with the exception of lakes Majcz and Mikołajskie (Fig. 4) . The differences in ciliate numbers were not statistically significant in most pairs of compared lakes. Significantly higher ciliate abundance was found in the mesotrophic Lake Kuc than in the mesotrophic Lake Majcz and eutrophic Lake Bełdany (nonparametric Wilcoxon test; P = 0.011 and P = 0.005). Ciliate abundances in the mesotrophic Lake Majcz were significantly lower than in the mesoeutrophic Lake Tałty (P = 0.011) and hypereutrophic Lake Tałtowisko (P = 0.047). Moreover, significant differences were found between meso-eutrophic Lake Tałty and eutrophic Lake Bełdany (P = 0.020).
The domination structure of ciliates differed both between lakes as well as between particular zones of the same lake (Fig. 5) . Among the ciliate groups, four orders dominated the ciliate assemblage. In both mesotrophic lakes and in the hypereutrophic Lake Tałtowisko, Hymenostomatida, mainly represented by Dexiotricha granulosa (Kent), clearly dominated in the hydro-and hygroarenal zones, constituting 26-64% of the total ciliate abundance, whereas small bacterivorous taxa belonging to Scuticociliatida (Cyclidium heptatrichum Schewiakoff, Uronema nigricans (Müller), Cinetochilum margaritaceum (Ehrenberg)) prevailed in the euarenal (29, 33 and 47% of the total abundance, respectively). It should be emphasized that scuticociliates were also the dominant components of ciliate psammon in the other lakes. Species of the order Cyrtophorida, mainly Gastronauta membranaceus Bütschli, Dysteria fluviatilis (Stein) and Chilodonella uncinata (Ehrenberg), clearly prevailed in the hygroarenal of Lake Bełdany (72%) and in the euarenal of Lake Mikołajskie (46%). Hypotrichida, among which small bacterivorous Aspidisca cicada (Müller) and A. lynceus (Müller) were the most numerous, dominated in the hydroarenal of meso-eutrophic Lake Tałty (29%). The contribution of Oligotrichida, primarily represented by Codonella cratera (Leidy), was negligible (<14%). Other ciliates, including the orders Peritrichida, Haptorida, Pleurostomatida, and Loxodida, accounted for 3 to 24% of the total ciliate abundance. Anaerobic taxa belonging to the order Heterotrichida (Spirostomum minus Roux, Metopus spp., Caenomorpha spp.) constituted less than 8% of the total abundance. In all the studied lakes, two distinct trends were observed -the share of Hymenostomatida decreased, while Hypotrichida increased shoreward (Fig. 5) .
Relations between ciliates and abiotic and biotic factors
The total ciliate abundance correlated positively and significantly only with chlorophyll a concentration ( Table 2) . Among taxonomic orders, Scuticociliatida, Hypotrichida, and Haptorida showed significant positive correlations both with chlorophyll a and total nitrogen concentrations. The total abundance of ciliates did not show significant correlations with the grain size of the sand fraction. Among dominating ciliate orders, only scuticociliates were associated with larger (0.25-0.5 mm) sand grains. In addition, there were no significant correlations between ciliate abundance, both the total and the abundance of individual orders, and other physical parameters (temperature, pH).
DISCUSSION
In the present study, psammon ciliates were investigated in beaches of Masurian lakes that represent the gradient of eutrophication from mesotrophy to hypereutrophy. Lake trophy, however, was found to have no significant effect on their abundances and structure. Similarly, EjsmontKarabin (2003b) , studying psammon rotifers in 44 beaches of 18 lakes in Masurian Lakeland (Poland), revealed that the trophic state of lake water had a relatively weak impact on psammon rotifers. In addition, research carried out by Ejsmont-Karabin (2001) in two lakes of different trophy showed that the abundances of hygropsammon rotifers were about 10 times higher in the mesotrophic than in the eutrophic lake.
Literature data show that different taxonomic groups of organisms on a sandy beach are dependent on different factors. According to Mudryk and Podgórska (2007) , the most important factor determining the abundances of microorganisms (bacteria, fungi, yeasts, actinomycetes) was the supply and content of organic matter. Kalinowska (2008) showed that the grain-size structure of sand and trophic parameters (TP, TN) were responsible for the spatial distribution of ciliates in the hygroarenal of a eutrophic lake. Hamels et al. (2004) demonstrated that ciliate abundances in sandy and silty intertidal sediments appeared to be largely determined by physical limitations (the amount of interstitial space and hydrodynamic disturbances) as well as food availability (bacteria and microalgae), especially when physical factors were relaxed. Factors affecting rotifer abundance and structure seem to be the best known. These factors include, for instance, organic matter content (Radwan, Bielańska-Grajner 2001) , pH (Bielańska-Grajner 2001), sand grain size (Ejsmont-Karabin 2004) , and climatic conditions (Ejsmont-Karabin 2005) . Samples from the studied beaches were taken at the same time of the day and under similar weather conditions. It was sunny without strong wind and wave action. No differences between beaches were found in pH. The studied beaches differed, however, in the temperature of interstitial waters (13-17°C in the eutrophic Lake Mikołajskie, 25-27°C in the mesotrophic Lake Kuc) and grain-size structure of the sand. A lack of significant correlations between ciliates and both temperature and size fractions of sand grains (scuticociliates were the only group of ciliates correlating with 0.25-0.5 mm sand grains) suggests that none of the environmental parameters control psammon ciliates.
Lake beaches are important recreational areas, accompanied by human intervention, which may have a clear impact on the activity of some organisms, like birds, fish, and crustaceans (Brown, McLachlan 1990; Węsławski et al. 2000) . The studied beaches of the mesotrophic Lake Kuc and hypereutrophic Lake Tałtowisko were the most intensively exploited by tourists. These lakes differed considerably in trophic parameters and size of sand grains. The hypereutrophic Lake Tałtowisko was characterized by the highest concentrations of chlorophyll a (mean from three zones 80 μg l -1 ), TP (724 μg l -1 ), and TN (4 mg μg l -1 ), and was dominated by sand grains of 0.125-0.25 mm. In the mesotrophic Lake Kuc, the mean concentration of TP was very similar to those noted in the remaining lakes, while the concentrations of TN and chlorophyll were higher in comparison to other mesotrophic and eutrophic ones. In this lake, larger sand grains of 0.5-1 mm dominated. Despite many differences, both lakes were characterized by the highest ciliate numbers (mean from three zones 1350 and 1277 ind. cm -3 of sand in the mesotrophic and eutrophic lakes, respectively). Community structure of psammon ciliates was also similar in these lakes. In contrast, the beach of the mesotrophic Lake Majcz, with the lowest mean abundance of 470 ind. cm -3 of sand, was rarely visited by people. Statistically significant differences in the ciliate abundance between the mesotrophic Lake Majcz and both the mesotrophic Lake Kuc and hypereutrophic Lake Tałtowisko (both lakes intensively used by tourists), as well as positive correlations between ciliates and total nitrogen, suggest that human activity, to some extent, affects ciliate abundance and structure. In addition, significant positive correlations between both the total ciliate abundance and the abundances of particular ciliate orders and chlorophyll a concentrations indicate that algae could be another factor controlling ciliates.
It should be emphasized that the concentrations of trophic parameters in the interstitial waters of all the studied lakes were considerably higher than those noted for epilimnion in the pelagic zone of the Masurian lakes (Chróst, Siuda 2006; Chróst et al. 2009 ), and did not reflect the trophic status of lake waters. Similarly, abundances of psammon ciliates significantly exceeded the abundances recorded for plankton. Planktonic ciliates ranged from 33 ind. ml -1 to 86 ind. ml -1 in the studied lakes (K. Kalinowska, unpublished data). Wiszniewski (1934) distinguished three zones in freshwater lake beaches, differing in environmental conditions, abundance, and structure of psammon communities. It seems that the euarenal zone, due to considerable fluctuations in environmental factors, should have the poorest fauna. However, according to Wiszniewski (1933) and Pennak (1951) , constantly submerged sands (hydroarenal) are relatively inhospitable to life, both quantitatively and qualitatively, in comparison to the other two zones. There are no data on the numbers and structure of ciliates in the particular zones of lake beaches. In this study, the differences in ciliate abundance were clearly marked between particular beach zones. The greatest differences were found in the eutrophic Lake Mikołajskie and in the hypereutrophic Lake Tałtowisko. In a majority of the beaches, the highest ciliate numbers were found in the euarenal. They exceeded by about 2-12 times the values recorded in the other two zones. Ejsmont-Karabin (2005) emphasized that rotifer densities in the hygroarenal of the eutrophic lake were extremely variable and strong fluctuations were observed even at 12 h intervals. Results of the present study showed high variability of psammon ciliates that may be a result of irregular distribution of food resources. They were decidedly more variable in the euarenal (CV ranged from 23% to about 93%) than in the hygroarenal (CV = 16 -68%). Lowest variability was recorded in the hydroarenal, in which CV did not exceed 34%. These observations confirmed findings by EjsmontKarabin (2003a) and Czernaś and Krupa (2003) that the hydroarenal is under the influence of moderate stress, as opposed to the extremely variable abiotic (temperature, solar radiation, humidity) habitat of the euarenal.
The literature does not provide too much information about the taxonomic structure of psammon ciliates in sandy lake beaches. The results of this study showed that the ciliate composition in two mesotrophic lakes was very similar to that of a hypereutrophic lake. In both types of lakes, small bacterivorous scuticociliates in the euarenal zone and hymenostomes (most of which are bacterivorous) dominated in the hygro-and/or hydroarenal zones. No clear trends in the abundance of the major ciliate orders across the trophic gradient were observed. As shown by Fenchel (1987) the composition of interstitial ciliate fauna depends on the relative availability of food, and in certain types of sands, ciliates dominate as consumers of microalgae and bacteria (possibly together with other types of protozoa). The dominance of small scuticociliates is probably related to the high amounts of decaying material because these filter-feeding species feed mainly on bacteria associated with particles (Fenchel 1987) .
In conclusion, the results of the present study suggest that psammon ciliates were not related to lake productivity. Significant and positive correlations between psammon ciliates and chlorophyll a and total nitrogen (TN) concentrations suggest that food availability (mainly algae) and human activity may be important factors determining ciliate numbers and structure in sandy lake beaches.
